Introduction
Critically ill patients are at risk to develop ventilator-or hospital-acquired pneumonia (HAP-VAP), which has been associated with impaired outcomes, prolonged duration of mechanical ventilation, increase in the length of stay, and the healthcare costs [1] . In this context, appropriate antibacterial exposure is essential to improve the chances of clinical success and reduce the risk for selection of drug-resistant strains [2] .
According to current practice, β-lactams are the most commonly prescribed antimicrobial agents for treatment of HAP-VAP [1] . β-Lactam antibiotics exhibit timedependent bacterial killing, such as maximum bacterial killing occurs when the free drug concentration at the site of infection persistently exceeds 4 times the minimum inhibitory concentration (MIC) of the pathogen throughout the dosing interval (100%fT >4xMIC ) [3] . On the other hand, optimizing antimicrobial therapy remains a complex challenge given the wide and unpredictable variability of β-lactam antibiotic concentrations in critically ill patients [4] .
A "one dose fits all" approach can especially be problematic in patients with augmented renal clearance (ARC), potentially leading to subtherapeutic drug exposure and higher rates of clinical failure when conventional dosing regimens are used [5] [6] [7] [8] [9] . In this context, several studies previously suggested that higher than licensed βlactam dosing regimens would be necessary to improve empirical pharmacokinetic/pharmacodynamic (PK/PD) target attainment rates in patients with ARC [10, 11] . However, evidence on clinical outcome is still controversial [12, 13] .
We thus hypothesized that higher than licensed dosing regimens of β-lactams may be safe and effective in reducing the rate of therapeutic failure and HAP-VAP recurrence in critically ill patients with ARC. The main objective was to compare the clinical outcome of ARC patients treated by conventional or increased β-lactam dosing regimens for a first episode of HAP-VAP.
Methods

Study design, population, and settings
This single-center, retrospective observational cohort study aimed to compare two 15-month periods before (Control period; June 2016 to August 2017) and after (Treatment period; November 2017 to January 2019) the modification of a local antibiotic therapy protocol in a 25-bed Surgical and Trauma Intensive Care Unit (ICU) of Bordeaux University Hospital.
During both study periods, 24-h urinary samples were collected daily from every patient and measured creatinine clearance (CL CR ) was calculated as follows: 24-h urinary volume × 24-h urinary creatinine / plasma creatinine, converted in ml/min. Augmented renal clearance was defined by a CL CR ≥ 150 ml/min. This threshold was arbitrarily chosen to avoid empirical underexposure regardless of the type of antibiotic, dosing and modalities of administration, and without increased risk of toxicity [11, 12] .
For the purpose of this study, all consecutive patients treated by β-lactam for a first episode of HAP-VAP who displayed ARC the first day of antimicrobial therapy were eligible. Patients were excluded if the HAP-VAP was not microbiologically documented (i.e., no pathogen identified by the microbiology laboratory) or if they underwent initial inappropriate antimicrobial therapy (i.e., natural or acquired resistance to the monitored βlactam antibiotic, total antibiotic duration < 5 days or > 10 days).
Ethical approval for this analysis was obtained from the Ethics Committee of the French Society of Anesthesiology and Intensive Care (IRB number: 00010254-2018-194) which waived the need for written consent. The patients and/or next of kin were informed about the inclusion of their anonymized health data in the database, and none declined participation. Written informed consent was waived due to the observational nature of the study.
Antibiotic therapy protocol for HAP-VAP
During both study periods, diagnosis of HAP-VAP included a clinical suspicion (≥ two criteria including fever > 38.5°C, leukocytosis > 10 9 /l or leukopenia < 4.10 8 /l, purulent tracheobronchial secretions and a new or persistent infiltrate on chest radiography) and confirmation by a positive quantitative culture of a respiratory sample (significant threshold ≥ 10 4 colony-forming units [CFU]/ ml) for broncho-alveolar lavages [BALs], ≥ 10 6 UFC/ml for endotracheal aspirations and ≥ 10 7 UFC/ml for noninvasive sputum samples) [1] . Empiric treatment options for clinically suspected VAP were determined by the attending physician, with guidance from a local antibiotic therapy protocol in accordance with French recommendations (Table 1 ) [1] . In our local practice, therapeutic drug monitoring could only be considered for cefepime.
Since November 2017, the protocol was modified to adjust β-lactam dosing regimens to the 24-h urinary measured CL CR . In accordance with previous published data, patients displaying CL CR ≥ 150 ml/min received higher than licensed dosing regimens (except for meropenem, cefepime, and ceftazidime) [9] [10] [11] [12] . Daily dosing regimens were reduced if the patient no longer experienced ARC. De-escalation of empiric antibiotic therapy was assessed whenever possible after identification of the causative microorganism and reception of the antibiotic susceptibilities. If available, the MIC provided by the local microbiology laboratory was reported. Otherwise, the MIC of the pathogen was defined by the European Committee on Antimicrobial Susceptibility Testing (EUCAST).
Standard dosing regimens of documented β-lactam antibiotic therapy were cefazolin (100 mg/kg/day continuously after a loading dose of 2 g), amoxicillin or amoxicillin/clavulanic acid (2 g q 8 h), or third generation cephalosporin (ceftriaxone [2 g q 24 h] or cefotaxime [2 g q 8 h]). In the treatment period, patients who remained in ARC benefited from increased dosing regimens of documented βlactam antibiotic therapy (cefazolin 150 mg/kg/day, amoxicillin or amoxicillin/clavulanic acid 2 g q 6 h, ceftriaxone 2 g q 12 h, or cefotaxime 2 g q 6 h). A 7-day course was considered sufficient unless inadequate initial antibiotic therapy, bacteremia, immunosuppressive disease, or MDR pathogen.
The overall treatment of patients with HAP-VAP during the control and treatment periods was similar except for the antimicrobial dosing regimens. There were no known significant changes to our ICU protocols, ventilation or weaning procedures, or patient population during the study period.
Study endpoints
The primary endpoint was a composite criterion defined as a poor clinical outcome of the antimicrobial therapy, including therapeutic failure and HAP-VAP recurrence within 28 days and/or end-of-hospitalization [12] .
-Therapeutic failure was defined as an impaired clinical response (persistent or worsening symptoms of HAP-VAP) with the need for escalating empirical antimicrobial therapy. Inappropriate empirical treatment was not considered as therapeutic failure. De-escalation did not qualify as therapeutic failure. Superinfections due to new causative pathogens with natural resistance to the initial antimicrobial therapy were not considered as therapeutic failure. -Recurrence was defined by a second HAP-VAP with at least one of the initial causative bacterial strains growing at a significant concentration from a second sample after completing antibiotic therapy. Tracheobronchial colonization without evidence of pulmonary infection was not considered as HAP-VAP recurrence.
The primary outcome was assessed by one of the investigators (GC) based on clinical and microbiologic data. External validation was performed independently by at least two other investigators (CC, NS) blinded to the allocated period and antibiotic dosing regimen.
The secondary endpoints were the reported antibiotic side effects during treatment (cholestasis, cytolysis, delirium, seizure, renal failure), the secondary acquisition of antimicrobial resistance within 28 days and/or end-ofhospitalization, the duration of mechanical ventilation, the length of stay in the ICU, and the status (alive or dead) at discharge.
Statistical analysis
Preliminary data in our institution reported poor clinical outcome in more than 25% of ARC patients treated for a first episode of HAP-VAP [8, 9] . Hypothesizing a poor • Amoxicillin-clavulanic acid (2 g IV q 8 h)
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• Meropenem (6 g/day continuously or 2 g q 8 h over 240 min) As not all the protocolized β-lactam agents benefited from higher dosing regimens, a propensity score analysis was performed to predict the conditional probability for an individual patient to receive an increased β-lactam dosing regimens [14] . The covariates included in the propensity score model were as follows: time of HAP-VAP occurrence, use of norepinephrine and Cl CR measured both the day of HAP-VAP and the day of microbiological documentation, type of antibiotics (ceftazidime, cefepime, and/or meropenem), and antibiotic de-escalation. Inverse probability of treatment weighting (IPTW) was used for estimating the average treatment effect on time-to-event outcomes [15] . Patients receiving either ceftazidime, cefepime, or meropenem were included on the day of deescalation to a drug with an increased dose protocol. Cox proportional hazards regression analysis was performed to estimate the relative risks (hazard ratios [HR]) of therapeutic failure or HAP-VAP relapse between both periods among the IPTW pseudo-cohort [16] .
Statistical analyses were performed using XLSTAT 2015 for Windows (Addinsoft Paris, France) and Stata software (version 13; StataCorp, USA).
Results
Characteristics of the population
During the study period, 177 patients were included in the present study (control period, N = 88; treatment period, N = 89). The study flow chart is reported in Fig. 1 . Their main characteristics are shown in Table 2 . Fewer patients were empirically treated by meropenem, ceftazidime, or cefepime in the treatment period (6 [7%] vs. 20 [23%], p = 0.003). The rate of de-escalation in these patients was 50% (13/26). Four patients (N = 2 in each group) died without therapeutic failure before 15 days after the termination of antimicrobial therapy. No death was related to the HAP-VAP.
Clinical outcome in the treated and control groups
Therapeutic failure or HAP-VAP relapse was reported in 9 of the 89 patients (10%) in the treatment group and 20 of the 88 patients (23%) in the control group (Table 2) . No antibiotic side effect was reported in the treatment group. The median MIC values and rates of poor clinical outcome according to the initial antibiotic treatment are reported in Additional files 1, 2, and 3.
Distribution of the propensity score according to the treatment period is depicted in Additional files 1, 2, and 3. In IPTW-adjusted Cox proportional hazards regression analysis, the treatment period was associated with lower rates of therapeutic failure or HAP-VAP relapse (HR = Fig. 2 . The data were adjusted for propensity score, SAPS 2, and PaO 2 /FiO 2 ratio. There was no statistical association between treatment period and secondary acquisition of resistance (HR = 0.47 [0.06-3.74], p = 0.47).
There was no statistical difference of MV duration, ICU length of stay, or mortality rate between the two periods. Patients experiencing therapeutic failure or HAP-VAP relapse were likely to have a longer MV duration (18 [11-24] vs. 9 [5] [6] [7] , p < 0.0001) and ICU length of stay (29 [19-44] vs. 20 [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , p = 0.0004]), without statistical difference in the mortality rate (10% vs. 6%, p = 0.34).
Discussion
Our study reports the interest of optimizing dosing strategies of antimicrobial agents in critically ill patients with augmented renal clearance. This is a major concern as inadequate antimicrobial therapy has been associated with the acquisition of antimicrobial resistance, therapeutic failure, and mortality in patients with severe sepsis or septic shock [17] . Early attention to appropriate β-lactam dosing may thus improve outcomes given the marked increase in success rates when the free concentration remains above 4 times the MIC throughout the entire dosing period (100%fT >4xMIC ) [3, 9] .
On the other hand, several studies have suggested a strong association between ARC, subtherapeutic βlactam plasma concentrations, and higher rates of therapeutic failure when conventional dosing regimens are used [5] [6] [7] [8] [9] [10] [11] . ARC has been reported in approximately 16 to 100% of patients, depending on the population investigated and the definition of ARC [18] . Although most studies have defined ARC by an enhanced CL CR ≥ 130 ml/min/1.73m 2 , we arbitrarily chose a cut-off of ≥ 150 ml/min for increasing β-lactam dosing regimens. Indeed, the threshold of CL CR defining ARC should rely on the inherent risk of antibiotic underexposure depending of the type of β-lactam, dosing regimen, and modalities of administration. For β-lactams administered by continuous infusion, a previous study suggested that no underdosing was observed for CL CR ≤ 170 ml/min [9] . Thresholds higher than 130 ml/min have also been reported for β-lactams administered by intermittent infusion (150 ml/min for ceftriaxone, up to 190 ml/min for amoxicillin-clavulanic acid) [11, 19] . Interestingly, the same threshold was also suggested by Roberts et al., the vast majority of patients with CL CR values > 150-160 ml/min requiring a dose increase to reach trough or steady-state concentrations at four times MIC of the known pathogen [20] . Our antibiotic therapy protocol was thus in accordance with previous studies which suggested that higher than licensed dosing regimens would be necessary in patients with ARC. Piperacillin-tazobactam has been the most studied antibiotic in this context, where previous studies demonstrated that standard intermittent dosing regimens were unlikely to achieve optimal antibiotic exposure [21] [22] [23] . Although other studies suggested a significant improvement of PK/PD target attainment rates when extended or continuous infusions are used, patients with CL CR ≥ 150-170 ml/min remained at risk for empirical underexposure [9, 10] . In this context, higher than licensed doses of piperacillin-tazobactam (20 g/2.5 g/day by continuous infusion) allowed attaining the empirical PK/PD target in 100% patients with CL CR ≥ 150 ml/min, without excessive dosing [12] .
Data on other β-lactams in patients with ARC are scarce. For ceftriaxone, we previously demonstrated high rates of empirical target underdosing in patients with CL CR ≥ 150 ml/min. In this context, Monte Carlo simulations suggested a dose of 2 g twice a day to achieve a 100% fT >MIC when targeting a theoretical MIC at the upper limit of the susceptibility range [11] . Dosing simulations for amoxicillin-clavulanic acid also supported the use of increased dosing regimens (2 g four times daily) for ARC patients when using a target MIC of 8 mg/l and a pharmacodynamic target of 50% fT >MIC , with little accumulation of clavulanic acid [21, 24] . Considering cefazolin, only an ancillary pilot study suggested a higher rate of underdosing in ARC patients, especially when PK/PD targets were adjusted to the inoculum effect [25] .
Finally, some β-lactam antibiotics were not adjusted in the treatment period as no data had previously demonstrated that ARC patients may benefit for enhanced dosing regimen of meropenem, ceftazidime, or cefepime. Concerning meropenem, various Monte Carlo simulation studies suggested that 2000 mg q8h either by extended (180-min infusion) or continuous infusion allowed achieving PK/PD targets even with CL CR of 130-250 ml/min [26] . In a former study, ARC (CL CR ≥ 170 ml/min) was not associated with an increased rate of subexposure (fT < 4xMIC ) for those antibiotic agents administered 6 g/day continuously [9] . However, this study was impaired by a small sample size of ARC patients treated by ceftazidime or cefepime and did not allow any conclusion about the optimal dosing regimen in ARC patients treated by ceftazidime and cefepime for less-susceptible pathogens. This reason might explain the observed difference concerning the type of initial broad-spectrum antimicrobial therapy (ceftazidime or cefepime and/or piperacillin ± tazobactam) between both periods in the present study. Patients empirically treated by meropenem, ceftazidime, or cefepime were not excluded for the analysis as most of them underwent antibiotic de-escalation that could require doseadjustment in the treatment period.
A prompt recognition of ARC is thus of paramount importance for optimizing empirical antibiotic dosing regimens. However, commonly used formulas frequently misclassify ARC and may underestimate the risk of βlactam underdosing [27, 28] . Although several screening tools have shown adequate predictive abilities for identifying patients with ARC, 24-h measured CL CR must remain the reference and should be monitored daily in at-risk patients [29, 30] . On the other hand, dose adaptations solely based on CL CR are probably not sufficient to achieve target therapeutic concentrations [31] . The relationship between CL CR and drug concentrations is probably far more complex and dose-adaptions are probably best guided by a validated Population PK model and not by CL CR alone [32] . Moreover, a special attention should be granted to detect dose-dependent neurotoxicity, especially when using higher than licensed doses of βlactams [33] . Intra-patient variability of CL CR and drug concentrations over time must require subsequent dose adjustment guided by CL CR values, pathogen susceptibility, and therapeutic drug monitoring [34] . However, the safety of increased dosing regimens in ARC patients has been reported in previous studies, all the reported concentrations being significantly under the supposed toxic cutoff [12, 13] . Currently, therapeutic drug monitoring is required to adjust daily regimens in critically ill patients.
Several limitations should be considered. First, the main limitation relied on the retrospective before-after design that could lead to selection and interpretation bias. Even if there were no known significant changes to our local procedures, our results may be driven by the preferential use of increased dosing regimens of piperacillin-tazobactam. However, the propensity score matching allowed reducing the effects of confounding covariates directly influencing the choice of probabilistic or documented antibiotic therapy. Furthermore, we aimed to focus on HAP-VAP as they meet widely used criteria for diagnostic and management, where therapeutic failure is not related to inadequate surgical source control. Second, the rate of antibiotic side effects is very limited, although probably related to an underreporting in the medical records. Finally, the study design did not allow adequate MIC determination and therapeutic drug monitoring. Only pharmacological dosing could confirm the association between higher rates of PK/PD target attainment and lower rates of therapeutic failure in critically ARC patients treated by increased β-lactam dosing regimens.
Conclusion
Higher than licensed dosing regimens of β-lactams may be safe and effective in reducing the rate of therapeutic failure and HAP-VAP recurrence in critically ill ARC patients treated for a first episode of HAP-VAP.
